Two experiments were conducted with young pigs to determine the efficacy of ornithine (Orn) or citrulline (Cit) as precursors of arginine (Arg). In Exp.
Introduction
While dietary ornithine (Orn) has been found incapable, and citrulline (Cit) capable, of replacing arginine (Arg) for growth of rats (Milner and Visek, 1975) chicks (Klose and Almquist, 194-0; Tamir and Ramer, 1963) , cats (Morris and Rogers, 1978a; Morris et al., 1979) , dogs (Czarnecki and Baker, 1984) and fish (Chiu et al., 1986) , no information exists concerning the Arg-sparing capacity of Orn and Cit for pigs. Adult female pigs, even if gravid, appear to have excellent Arg biosynthetic capacity in that exogenous Arg does not elicit a response when added to an Arg-free diet for pigs at this stage of development (Baker et al., 1966; Easter et al., 1974; Easter and Baker, 1976) . Thus, it seemed conceivable that pigs 1 Dept. of Anim. Sci. 2 To whom reprint requests should be addressed. Received January 8, 1987 . Accepted April 14, 1987 might differ from other species in renal Arg biosynthesis. Moreover, because pigs have been judged biochemically and physiologically very similar to humans in protein-amino acid metabolism (Terris, 1985; Benevenga, 1986; Buckley et al., 1986) , urea-cycle metabolism studies in pigs may have application to humans, where dysfunctions of the urea cycle can and do occur.
The purpose of our study was to evaluate critically the Arg-sparing capacity of Orn and Cit in young pigs fed an Arg-deficient, purified diet. In addition to studying growth and nitrogen metabolism phenomena, free amino acid pool sizes were determined in liver, kidney, muscle and brain tissue while activities of both arginase and ornithine transcarbamolyase (OTC) were determined in liver, kidney and intestinal mucosa.
Experimental Procedure
Two experiments were conducted utilizing 44 crossbred barrows weaned at 4 wk of age. CTrace mineral mix provided per kg of diet: Se, .14 rag; I, .50 rag; Cu, 11.4 mg; Mn, 28.6 rag; Fe, 128.5 rag; Zn, 143.0 rag; Co, 1.1 rag; NaCI, 3.9 g; K, 2.7 g; Mg, .4 g. dvitamin mix provided per kg of diet: vitamin A, 5,011 IU, vitamin D a , 250 IU; vitamin E, 120 IU; vitamin K, 2.0 rag; riboflavin, 6.0 mg; d-pantothenic acid, 25.0 mg; niacin, 26.0 rag; choline chloride, 1.2 g; vitamin Bt2, 44.0 ~ug; folic acid, 2.0 rag; biotin, .2 mg; pyridoxine, 2.5 mg; thiamine, 2.5 mg; ascorbic acid, .3 g. eExp. 1, 9.24%; Exp. 2, 9.18%. environmentally controlled nursery during which time they were fed a 20% protein cornsoybean meal diet (Edmonds et al., 1985) . They were then moved into individual metabolism cages after the 7-d adjustment period in the nursery. This was followed by a 4-d adjustment period in the metabolism cages, during which time they were fed a soybean meal-semipurified diet a. Pigs were fed this diet because it was similar in texture to the semipurified arginine-deficient diet (table 1) . Pigs were allotted to experimental treatments from outcome groups based on ancestry and weight in randomized complete-block designs. Experimental diets were fed to five blocks of individual barrows in Exp. 1 and eight blocks of individual barrows in Exp. 2. Average initial weights of the pigs were 7.7 and 10.6 kg for Exp. 1 and 3 Composition of cornstarch-soybean meal diet (%): cornstarch, 46.95; soybean meal 41.00; sucrose, 5.00; corn oil, 3.00; dicalcium phosphate, 1.85; limestone, .60; trace mineral mix, .50; porcine vitamin mix, 1.00; DL-metMonine, .10. 2, respectively. Diets and water were provided ad libitum. The pigs were weighed, and feed consumption was monitored weekly during experimental periods of 17 and 12 d for Exp. 1 and 2, respectively. The experimental diets (table 1) were formulated to meet or exceed all nutrient requirements, except arginine, of the 5-to 10-kg pig (NRC, 1979) . The basal diet contained .20% (.18% bioavailable) Arg (Southern and Baker, 1983) . Dietary additions of L-Arg, L-Orn or L-Cit were made at the expense of cornstarch. Arginine and Orn additions were provided by L-Arg-HCI and L-Orn,HCI, while L-Cit was supplied as the free base.
Experimental Treatments. Experiment 1 was conducted to investigate the efficacy of Orn or Cit as precursors of Arg. The treatments were: 1) basal diet (.18% Arg); 2) basal + .300% L-Arg (Arg requirement of the pig; 3) basal + .228% Orn (isomolar to .300% Arg); and 4) basal + .302% Cit (isomolar to .300% L-Arg).
Because Orn was without effect in Exp. 1, .912% supplemental Orn (four times isomolar to .300% Arg) was fed in Exp. 2 to determine if excess Orn would increase plasma Orn concen-trations and therefore potentially increase the synthesis of Cit by providing additional substrate.
Feces and Urine Analyses. Upon completion of the growth assays, 5-d N balance trials were conducted (starting 1 d after the growth assays). Pigs (within blocks) were fed an amount equivalent to the intake of the animal consuming the least amount of feed in each block. This procedure facilitated equal intakes of energy so that N retention would not be influenced by alterations in caloric intake. Urine and feces were collected quantitatively for 5 consecutive days.
Approximately 15 ml of acid (6 N HC1) was added daily to each urine collection vessel to prevent ammonia loss and bacterial contamination. Urine was collected every 24 h; 5% of each day's volume was taken and stored at 5 C. Daily urine samples from each pig were pooled prior to analysis.
Fecal collections were initiated and concluded upon appearance in the feces of a ferric oxide marker (.5% of initial and final meals). Feces were removed from the metabolism crates once daily, placed in plastic bags and frozen. Composite fecal collections from each barrow were dried at 40 C, weighed and then ground to a fine powder in a Wiley mill equipped with a 40-mesh screen.
Diets, urine and fecal samples were analyzed for total N by the Kjeldahl procedure. Urine was analyzed for urea-N and NH3-N (Fawcett and Scott, 1960; Chaney and Marback, 1962) as well as orotate (Adachi et al., 1963) .
Plasma and Tissue Analyses. Three hours after consuming the morning meal on the last day of the collection portion of Exp. I and 2, 10-ml blood samples were obtained from the anterior vena cava of all pigs for plasma metabolite analysis. Four of the blocks (i.e., 16 pigs in Exp. 1 and 12 pigs in Exp. 2) were randomly selected for exsanguination. After being anesthetized with halothane gas, each pig was killed and tissue samples were obtained. Intestinal mucosa tissue was obtained from the first meter of duodenum by carefully scraping (after rinsing with saline) the mucosa with a microscope slide. Liver samples were obtained from the median lobes; kidney cortex and medulla were obtained from both kidneys (a cross-sec-4 Beckman Model 6300. tion, i.e., both cortex and medulla, was used for amino acid analysis), muscle was taken from the longissimus muscle posterior to the last rib and brain samples were obtained from the cerebrum. Within 15 rain after death, tissue samples (those used for enzyme assays) were frozen in liquid nitrogen, placed in dry ice for several hours and then stored at -80 C until enzyme assays were conducted. Liver, kidney, muscle and brain samples were deproteinized by addition of 10 ml of 3.5% sulfosalicylic acid to 1 g of tissue. Plasma was deproteinized with an equal volume of 3.5% sulfosalicylic acid. Urine samples were also prepared for amino acid analysis by adjusting pH to 11.5 to 12.0 with 4 N NaOH. The beakers of urine, together with a beaker of concentrated H2SO4, were then placed in a vacuum desicator and continuously evacuated with a water aspirator for 6 h. After removing beakers containing urine samples from the desiccator and adjusting the pH to 1.8 to 2.5 with 6 N HC1, samples were transferred to volumetric flasks and adjusted to a volume of 10 ml with lithium citrate buffer (pH 2.2). This material, along with the supernatant fractions obtained from deproteinization of tissue and plasma samples, were analyzed for amino acids by ion-exchange chromatography 4 .
Enzyme Analyses. The method of Smith and Lewis (1963) was modified for use in the determination of tissue arginase activity. A 1-g sample of liver was weighed and thoroughly homogenized in 6 ml of homogenizing buffer. After dilution to 10 ml, .25 of the crude homogenate was removed and added to 9.75 ml of buffer for a final concentration of 2.5 mg liver/ml homogenate. Greater concentrations of tissue were needed for mucosa and for kidney cortex and medulla samples due to much lower arginase activities/g tissue. Solutions were then incubated for 60 rain at 37 C. One milliter Arg monohydrochloride substrate solution (.425 M, adjusted to pH 9.5 with NaOH) and .5 ml homogenate were added to a reaction tube in a 27 C water bath and incubated exactly 4.5 min. The reaction was stopped by addition of 1 ml HPO 3 solution (15%). After centrifugation of the reaction tube for 15 min (8,000 x g), 1 ml of supernatant was added to 9 ml of sulfuricphosphoric acid solution and mixed. One-half milliter of color reagent (3% c~-nitroso-propiophenone in 95% ethanol) was added, tubes were mixed and then heated in an 87 C water bath for 1.5 h in the dark. The tubes were cooled in the dark, read in a spectrophotometer at 540 nm, and compared with a urea standard curve. Results were expressed as /~mol urea formed per min per g liver.
The conditions of the OTC assay were a modification of those described by Nuzum and Snodgrass (1976) . A 1-g sample of liver was weighed and thoroughly homogenized in 6 ml of homogenizing buffer. After diluting to 10 ml, .25 ml of the crude homogenate was removed and added to 19.75 ml of buffer for a final concentration of 1.25 mg liver per ml homogenate. One-fifth milliliter Orn monohydrochloride substrate solution (7.5 raM) and .2 ml homogenate were added to a reaction tube in a 37 C water bath. Addition of .2 ml of freshly prepared carbamoyl phosphate (15 mM) to the reaction tube initiated the 4.5-min incubation. The reaction was stopped by addition of 1 ml trichloroacetic acid (8%) solution. After centrifugation of the reaction tube for 15 min (8,000
• g), .5 ml of supernatant was added to 3 ml of color reagent, tubes were then placed into a water bath (60 C) for 1.5 h. To improve the linearity of the standard curve, the method of Shindler and Prescott (1979) was followed in which lamps (15 W) were covered with yellow cellophane and placed 45 cm above the tubes during the 1.5-h heating period. The tubes were cooled in the dark, read in a spectrophotometer at 464 nm, and compared with a Cit standard curve. Results were expressed as /lmol Cit formed per min per g of liver.
Statistial Analyses. Data were analyzed by analysis of variance procedures and by Fisher's least significance difference method (Steel and Torrie, 1980) .
Results
The results of Exp. 1 are presented in tables 2 to 5. Weight gain, feed intake, efficiency of gain and N balance were increased by addition of Arg or Cit to the Arg-deficient basal diet, whereas Orn supplementation was without effect on any of these traits. Urinary orotate was lowered by supplemental Cir.
Both plasma Arg and urinary Arg spillage were increased in pigs fed the basal diet supplemented with either Arg or Cit (table 3) . Supplemental Orn, however, had no effect on free Arg in either plasma or urine. Moreover, addition of Orn to the basal diet did not affect plasma Orn concentration but did increase urinary Orn spillage. Plasma Cit, as well as free Cit in urine, was increased in pigs fed the basal diet supplemented with Cit. In addition, pigs fed supplemental Cit or Arg had decreased plasma NH3-N concentrations, whereas supplemental Orn increased plasma urea-N levels. Urinary NHa-N and urea-N levels were unaffected by supplemental Arg, Orn or Cit.
Addition of Cit to the basal diet increased (P<.05) free Arg, Orn and Cit concentrations in liver (table 4) aData are means of five individually fed pigs; average initial weight was 7.7 kg; 17-d growth assay followed by a 5-d nitrogen balance trial. bIsomolar to .300% L-arginine.
C'dMeans within a column bearing different superscripts differ (P<.05). bpigs were bled 3 h after commencement of the morning meal upon completion of the N balance trial. CQuantitative urine samples were collected daily during the 5-d N balance trial. def . . ' ' Means wzthm a column without a common superscript letter differ (P<.05).
concentration in muscle of pigs fed supplemental Cit was similar to that of pigs fed supplemental Arg. Supplemental Cit also increased (P<.05) free Cit in muscle.
Arginase activities in liver, renal cortex, renal medulla and intestinal mucosa were unaffected by supplemental Arg, Orn or Cit (table 5) . Supplemental Orn, however, tended to increase OTC activity in liver but had no effect on OTC in mucosal tissue. Activity of OTC in renal cortex and medullary tissue was too low to be accurately determined.
The results of Exp. 2 are presented in tables 6 to 10. Addition of Arg to the Arg-deficient basal diet resulted in a substantial increase (P<.05) in weight gain, feed intake and gain/ feed, whereas .912% supplemental Orn (four times isomolar to .300% Arg) was without effect. Nitrogen balance, however, was not increased (P>.05) by supplemental Arg or Orn, despite the fact that pigs fed supplemental Arg retained .31 g more N per day. There was a tendency for urinary orotate to be lower in pigs fed either supplemental Arg or Orn than in those fed the Arg-deficient basal diet.
Supplemental Arg tended to increase plasma Arg, whereas plasma Orn was markedly increased (P<.05) in pigs fed excess Orn (.912%). Plasma Cit and proline (Pro), however, were unaffected by addition of Arg or Orn to the basal diet. Plasma NH3-N tended to be decreased and plasma urea-N increased in pigs fed excess Orn, although these differences did not reach statistical significance. Urinary Arg concentrations were increased (P<.05) by supplemental Arg, whereas Orn and Cit concentrations were unaffected. Urinary Arg, Orn and Cit, however, were increased (P<.05) in pigs fed excess Orn. Urinary NH3-N increased (P<.05) in pigs fed excess Orn, while urea-N values were not increased (P>.05) in pigs fed supplemental Arg, despite a twofold increase in urea-N.
Pigs fed the basal diet supplemented with .912% Orn had increased (P<.05) free Orn concentrations in liver, kidney and muscle (table 8) . Moreover, excess Orn increased (P<.05) free Cit in liver and tended to increase free Pro as well. However, increases (P<.05) in free Pro occurred in both kidney and muscle from feeding pigs the basal diet supplemented with .912% Orn. Excess Orn did not affect Arg concentrations in liver, kidney or muscle and likewise had no effect on Cit levels in kidney or muscle. Muscle Arg and Orn concentrations were increased (P<.05) in pigs that received the diet supplemented with Arg. Supplemental Arg had no effect on Cit or Pro levels in muscle, nor did it affect free amino acid concentrations in either liver or kidney. Brain amino acid concentrations were unaffected by supplemental Arg (table 9) . Excess dietary Orn, however, did increase (P<.05) free Orn in brain, although the magnitude of increase was much less than that observed in liver, kidney and muscle. In addition, pigs fed excess Orn exhibited decreased (P<.05) concentrations of both glutamic acid (Glu) and glutamine (Gin) in brain.
As observed in Exp. 1, supplemental Arg or Orn did not increase arginase activities in liver, renal cortex, renal medulla or intestinal mucosa aData are means of eight individually fed pigs; average initial weight was 10.6 kg; 12-d growth assay followed by a 5-d N balance trial.
bFour times isomotar to .300% Arg.
C'dMeans within a column bearing different superscripts are different (P<.05).
tissue (table 10) . Furthermore, OTC activities in liver and intestinal mucosa were unaffected by Arg or Orn supplementation. These data parallel the work of Schimke (1963) , who observed no changes in any of the five ureacycle enzymes in rat liver from addition of 2.5% Arg, 3.5% Orn or 3.5% Cit to a 15% casein diet. As observed in Exp. 1, OTC activities in renal cortex and renal medulla were too low to be accurately measured.
Discussion
When the Arg-deficient basal diet was supplemented with .30% Arg to bring Arg to its previously established minimal requirement for maximal growth (Southern and Baker, 1983) , a marked growth response occurred. A similar response occurred from supplementation with an isomolar quantity of Cit, but not Orn. The positive responses to Arg and Cit seemed to result more from increased voluntary feed intake than from increased metabolic efficiency, although gain:feed was improved (P<.05) by either Arg or Cit addition.
Nitrogen retention was numerically improved by Arg supplementation (Cit, too, in Exp. 1), but the response was surprisingly small in magnitude, and it was not statistically significant in Exp. 2. It should be noted that the nitrogen balance phase of both Exp. 1 and Exp. 2 (wherein pigs were equal-fed) followed the growth assessment portion in which the pigs were fed ad libitum. The pigs thus weighed 5 to 7 kg more and were 2 to 3 wk older at the initiation of the nitrogen retention trials than at the initiation of the growth trials. Hence, the Arg requirement may be less, and the pig's capacity to synthesize Arg may be greater, at a weight of 15 kg than at a weight of 8 to 10 kg.
In agreement with work done in other mammalian species (Milner and Visek, 1975; Morris et al., 1979; Czarnecki and Baker, 1984) , Orn, even at a high dietary level, was found incapable of sparing Arg for growth of the pig. Thus, very little Arg probably escapes hepatic tissue because of the high arginase activity therein (tables 5 and 10; Rosebrough et al., 1983) . Oral or gut-derived Cit, in contrast to Orn, is not taken up efficiently by hepatic tissue (Cohen and Hayano, 1946; Windmueller and Spaeth, 1981) , being transported instead to the kidney where arginase activity is relatively low and conditions for arginine synthesis and transport to extra-renal tissue are more favorable (Tamir and Ratner, 1963; Szepsi et al., 1970; Windmueller and Spaeth, 1981) . Thus, Cit is an efficient precursor of Arg that can be made available for protein synthesis, while the Arg synthesized from Orn is largely catabolized in the liver and is therefore not available for protein accretion and grovcth. This is precisely the reason why Arg-deficiency hyperammonemia in the felid is ameliorated by Orn, while growth rate is not restored (Morris and Rogers, 1978a,b; Morris et al., 1979) . Feline species, however, appear to be unique in having very little capacity to synthesize Orn from Gln and Glu in the intestinal mucosa via pyrroline-5-carboxylate (P-5-C) synthase (Windmueller, 1982; Rogers and Phang, 1985) . Hence, with little Orn biosynthetic capacity, cats fed an Argfree diet cannot detoxify ammonia because the carbamoyl phosphate produced in the mito- bBrain samples were obtained 3 h after commencement of the morning meal upon completion of the N balance trial. cd . . ' Means within a column without a common superscript letter differ (P<.05).
chondrion cannot be taken up into the urea cycle due to a hepatic Orn deficit (Stewart et al., 1981) . Because older pigs thrive when fed an Arg-free diet (Baker et al., 1966; Easter et al., 1974; Easter and Baker, 1976) , swine, like rats, likely possess sufficient P-5-C synthase activity in gut mucosa to generate Orn for ammonia detoxification and urea-cycle function.
The inter-organ aspects of urea-cycle metabolism were first described extensively by Rogers et al. (1972) . They postulated that hepatic synthesis of Cit from Orn might result in some Cit export to renal tissue where it could be used for Arg biosynthesis. Our study showed that orally administered Orn did, indeed, increase liver Cit in the pig (tables 4 and 8). However, neither plasma Cit nor growth rate were increased by Orn supplementation. Hence, Orn was probably taken up efficiently by the liver, where it was converted to Cit. Most of the hepatically synthesized Cit probably remained in the liver for further metabolism, with very little escaping to the kidney. In Exp. 1 ( bTissue samples were obtained 3 h after commencement of the morning meal upon completion of the N balance trial.
COrnithine transcarbamoylase activity was not determined (ND) because the activity was too low to be accurately measured. lized in the gut to Glu semialdehyde, which is in turn converted to P-5-C and then to Pro (Meister, 1965; Rogers and Phang, 1985) .
Increased tissue Pro as a result of Orn feeding has been observed in a number of species (Roloff et al., 1940; Stetten, 1951; Austic and Nesheim, 1971 ; Graber and Baker, 1971; Shen et al., 1973) . Some of the Orn may have been metabolized to the polyamine precursor, putrescine, as well, via the Orn decarboxylase reaction.
The high concentration of Orn in kidney tissue was somewhat unexpected, although the extremely low OTC activity in renal tissue may offer an explanation for this finding. Thus, the free Orn in the kidney (arising from catabolism of Arg, plus that being transported to the 9 kidney from other tissues) may accumulate because of the limited capacity of OTC-catalyzed synthesis of Cit from Orn, Our pig data, like the rat data of Szepsi et al. (1970) , showed compartmentalization of arginase activity in renal tissue. The rat work of Szepsi et al. (1970) , however, indicated that 35% of the arginase activity was present in cortex tissue and 65% in medullary tissue, while our pig data indicated that over 75% of the renal arginase activity was in cortex and less than 25% in the medulla. If the bulk of the Arg synthetase activity is present in pig medullary tissue, as is the case in the rat, it would seem that conditions in the porcine kidney are even more favorable for net Arg synthesis than is the case for the rat kidney. Thus, Arg synthesized in the medulla can escape into the general circulation because medullary blood flow bypasses the kidney cortex (where renal arginase activity is highest in the pig). This probably explains why oral Cit (taken up primarily by the kidney and minimally by the liver) increased Arg concentration in all the tissues examined herein.
Arginine deficiency did not cause orotic aciduria in either Exp. 1 or 2 herein. Thus, in agreement with earlier work from our laboratory (Southern and Baker, 1983) , urinary excretion of orotate in pigs is minimally affected by Arg deficiency. Cats respond similarly to pigs in this regard (Costello et al., 1980) , but dogs (Czarnecki and Baker, 1984) and rats (Milner and Visek, 1975) experience 50-to 100-fold elevations in urinary orotate excretion when fed an Arg-deficient diet. Thus, pigs and cats may have less capacity to transfer mitochondrial carbamyol phosphate to the cytosol (where orotic acid is synthesized) than rats and dogs. It follows, therefore, that orotic aciduria may not be as good a marker of urea-cycle dysfunctions in humans as some have thought (Baker and Parsons, 1985) . Indeed, it is not known whether Arg deficiency in young children will cause elevated orotic acid spillage in the urine.
